Background. Among infants exposed to human immunodeficiency virus (HIV) type 1, mixed breastfeeding is associated with higher postnatal HIV-1 transmission than exclusive breastfeeding, but the mechanisms of this differential risk are uncertain.
The World Health Organization recommends breastfeeding for mothers infected with human immunodeficiency virus (HIV) type 1 in resource-limited settings because the associated benefits of lower infant morbidity and mortality rates outweigh the risk of HIV-1 transmission, especially when antiretroviral prophylaxis is given [1, 2] . Although maternal antiretroviral therapy and infant prophylaxis dramatically reduce transmission rates during breastfeeding, breastfeeding continues to contribute to new infections owing to lack of access to care as well as incomplete efficacy of antivirals [3] [4] [5] . Therefore, understanding the mechanism of HIV-1 transmission via breastfeeding and factors that may modulate this risk is important for identifying other effective interventions.
Initially counterintuitive and post hoc observations [6] , now confirmed [7] [8] [9] , indicate that exclusive breastfeeding is associated with a 2-4-fold lower rate of postnatal transmission compared with mixed breastfeeding. The pathogenesis underlying the deleterious outcomes of nonexclusive breastfeeding for mother-to-child transmission remains unclear [10, 11] . The differential incidence by feeding practice of mastitis, which is associated with increased HIV-1 in breast milk and transmission, has been proposed, although mastitis may not occur more frequently in mixed breastfeeding [12] . Alternatively, breastfeeding practices may differentially modulate changes in the infant gut mucosa, resulting in altered mucosal and systemic inflammation [13] [14] [15] . Such changes might affect the development and activation of the T cells in the intestinal mucosa, cells that may serve as primary targets for HIV-1 infection.
Memory cells expressing CCR5 are prime targets for CCR5-tropic HIV-1 infant founder viruses [16] [17] [18] . In addition, gp120 can bind and signal through α4β7 integrin [19] , which is found on cells that migrate to the gut [20] , thereby enhancing HIV-1 infection of gut-homing cells. Indeed, blocking α4β7 integrin reduced intestinal transmission of simian immunodeficiency virus (SIV) in primate models [21] . In addition, mucosal exposure to certain microbial agents initiates and sustains inflammation and cellular activation [22] , and T-cell activation can accentuate susceptibility to HIV-1 infection [23] . The intestinal mucosa supports high numbers of CD4 + T cells [24] , including those coexpressing CCR5, which are present even at birth and in early infancy [25] . However, little is known about the ontogeny of gut-homing T cells during infancy, their activation status, or the effects of differential infant feeding practices on T-cell phenotype.
We considered whether the increased incidence of postnatal transmission of HIV-1 among women who practice mixed compared with exclusive breastfeeding could be related to more rapid maturation of infant memory CD4 + T cells, increased expression of the HIV-1 coreceptor CCR5, and increased activation of these cells, particularly among cells that express the intestinal homing integrin, α4β7. We found that infants fed supplemental food showed higher frequencies of gut-homing, CCR5 + memory CD4 + T cells, which are considered to have increased susceptibility for HIV-1 infection.
MATERIALS AND METHODS

Study Participants
This study was approved by the institutional review boards of the University of Colorado, Denver, and Makerere University. We prospectively enrolled 101 HIV-1-infected mothers, with written informed consent, in Kampala, Uganda, and their newborns delivered at Mulago Hospital. Eligibility criteria included maternal intention to breastfeed, maternal CD4 + T-cell count >350/µL at screening, vaginal delivery, birth weight >2500 g, no serious maternal or infant illness at enrollment, and no maternal antibiotics other than cotrimoxazole prophylaxis. Following the standard of care at the time of the study, all mothers received antiretroviral medications for prevention of perinatal transmission including single-dose nevirapine (95%) and additional short-term zidovudine alone or zidovudine with lamivudine for perinatal prevention (99%). The maternal quantitative plasma HIV-1 RNA level was assessed by means of Abbott RealTime HIV-1 RNA polymerase chain reaction (Abbott Laboratories) at Johns Hopkins University and the Roche COBAS AmpliPrep/COBAS Taqman assay version 2 (Roche Molecular Diagnostics) at Makerere University-Johns Hopkins University. All infants received single-dose nevirapine and then either zidovudine for 1-4 weeks (n = 62) or daily nevirapine for the duration of breastfeeding (n = 37). Study visits occurred at birth and at 2, 6, 12, 18, 24, and 48 weeks of life.
Definition of Feeding Groups
All mothers were counseled to practice exclusive breastfeeding at each study visit through infant age 24 weeks but made their own choice of feeding practice, which was assessed at each study visit. After study completion but before analysis, infants were categorized using study definitions for exclusive and nonexclusive breastfeeding. Exclusive breastfeeding was defined as maternal report of giving only breast milk (allowing up to 3 days of water or nonmilk liquids and drops of medications or vitamins) at all visits through week 24. Nonexclusive breastfeeding was defined as having received liquids or solids (with or without continued breast milk) at ≥2 visits between weeks 2 and 24. Infants receiving liquids and/or solids at only 1 visit at or before week 24, or with missing data, were unclassified because their exposure to non-breast milk feeding was limited or uncertain. The unclassified infants were excluded from the comparison across feeding groups but included in analyses of the full cohort.
Flow Cytometry Panels and Monoclonal Antibodies
Peripheral whole blood was collected with ethylenediaminetetraacetic acid anticoagulant and analyzed within 8 hours at the Makerere University Walter Reed Project laboratory. Numbers and percentages of CD4 + CD3 + and CD8 + CD3 + cells from mothers (prenatal screening visit only) and infants (each visit) were determined with a FACSCalibur flow cytometer (BD Biosciences) using single-platform Multitest 4-color reagent with TruCount tubes and MultiSET software (Becton Dickinson).
CD4 + and CD8 + T-lymphocyte maturation, activation, and intestinal homing markers were characterized with 8-color panels. The CD4 panel used the following antibodies: CD4 Pacific Blue (clone S3.5; Molecular Probes); CD45RA PerCP Cy5.5 (clone HI100) and CD38 PeCy7 (clone HIT2; Biolegend); and CD3 Anemonia Majano cyan fluorescent protein (AmCyan) (clone SK7), CCR7 fluorescein isothiocyanate (FITC) (clone 3D12), CCR5 APC-Cy7 (clone 2D7), HLA-DR allophycocyanin (APC) (clone G46-6), β7 integrin phycoerythrin (PE) (clone FIB504) (BD Bioscience). The CD8 panel was identical except for CD8 Pacific Blue (clone 3B5) in place of CD4 and CD62L APC Alexa Fluor 750 (clone DREG-56) (Molecular Probes) in place of CCR5.
The gating strategy is shown in Figure 1 . Memory subsets in the CD4 + CD3 + and CD8 + CD3 + T cells were classified as naive (CD45RA + /CCR7 + ), central memory (CM; CD45RA − /CCR7 + ), effector memory (EM; CD45RA − /CCR7 − ), and EM terminally differentiated (EMTD; CD45RA + /CCR7 − ) [26] . Naive and memory subsets were further analyzed for expression of HIV-1 surface coreceptor CCR5, activation (HLA-DR + /CD38 + ), and β7 integrin, corresponding to the heterodimer α4β7, for which high-level expression is found on cells homing to the intestinal mucosa [20] . Gating controls consisted of frequency minus 1 for CD38, HLA-DR, and CCR5. Data were acquired on a FACSCanto II sytem (BD Biosciences) with daily quality control. Flow data were analyzed with FlowJo software, version 9.6.1 (Tree Star). On average, 270 000 lymphocyte events were analyzed for each sample. For low-frequency subsets, samples with <80 events in the parent subset, resulting in wide confidence intervals for the frequency, were excluded from analysis.
Statistical Analysis
Data were analyzed using SAS 9.4 software. For comparison of demographic and clinical characteristics, Fisher exact tests, t tests, or Wilcoxon rank sum tests were used as appropriate. Paired t tests were used to compare outcomes from the same subjects between 2 time points,. Wilcoxon rank sum tests were used for comparisons by feeding practice. For the multivariate analysis, we modeled the absolute cell count of each subset using negative binomial regression and tested the difference between the feeding groups while adjusting for maternal CD4 + T-cell count, infant weight z score at week 24, and the number of gastrointestinal (GI) illnesses occurring from birth to week 24.
RESULTS
Maternal and Infant Clinical Characteristics
A total of 101 mothers and their singlet infants were enrolled. One infant was HIV-1 infected at birth and was excluded from the analysis. The majority of infants were exclusively breastfed through week 12 (99%, 95%, and 91% at weeks 2, 6, and 12, respectively). Feeding practices diverged by week 18, with a decrease in exclusively breastfed infants to 80% and 63% at weeks 18 and 24, respectively. Supplementary food was introduced for all infants after week 24. Approximately half of the infants (n = 49) met criteria for exclusive breastfeeding, and 19 met criteria for nonexclusive breastfeeding. The remaining infants (n = 32) did not meet either criteria (received non-breast milk food on a single study visit, n = 24; missing data, n = 8).
Maternal and infant clinical characteristics are summarized in Table 1 . Among maternal characteristics, only CD4 + T-cell counts differed between feeding groups and were higher in the exclusively breastfeeding mothers. No women reported symptomatic mastitis throughout the first 24 weeks. Infants' nutritional status was comparable between groups at birth and week 48, but weight, weight z score, and body mass index were lower in the nonexclusive breastfeeders at week 24. The nonexclusively breastfeeding infants had more GI illnesses.
Early Infancy Increases in Memory, CCR5-Expressing, and Activated T Cells
The frequency ( Figure 1 ) and absolute counts (Supplemental Figure 1 ) of memory T-cell phenotypes were determined for the whole cohort during the first year of life. As expected, the majority of T cells were naive at birth; however, memory cells already represented 9.0% and 12.7% of the CD4 + and CD8 + T cells, respectively. Increases in the frequency of memory CD4 + and CD8 + T cells occurred rapidly by 2 weeks of life (Figure 1 ). CM CD4 + T cells doubled between birth and week 2 (P < .001) and plateaued by week 6 ( Figure 1C ). Changes thereafter were modest. Increases in the frequency of the more differentiated EM and EMTD CD4 + T cells were delayed until week 6 (week 0 vs week 6: EM, 0.7% vs 5.8%; EMTD, 1.0% vs 6.1%; both P < .001). Early maturation of CD8 + T cells was more robust than that of CD4 + T cells ( Figure 1D ). At age 12 weeks, 55.3% of CD8 + T cells versus 28.1% of CD4 + T cells (P < .001) had a memory phenotype. In contrast to the predominance of CM in the CD4 + T memory cell population, CD8 + memory T cells comprised similar proportions of the CM, EM, and EMTD cells. The frequency of CM and EM CD4 + T cells expressing CCR5 in peripheral blood at birth increased early, peaking at 6 weeks ( Figure 2A ). Expression of CCR5 was restricted primarily to CM and EM and was present on only a minor fraction of naive and EMTD CD4 + T cells.
The changes in the frequency of activated cells followed a pattern similar to the changes in CCR5 expression, with an early peak at 6 weeks followed by a decline between weeks 6 to 24 ( Figure 2B and 2D). Activation was more pronounced on CD8 + than on CD4 + T cells (percentage activated for total CD4 + vs CD8 + T cells at week 6, 17.7% vs 3.17%; P < .001). The mean frequency of activated memory CD8 + T cells at week 6 remarkably reached peaks of 30.0% and 36.4% of CM and EM CD8 + T cells, respectively. Among the CD4 + T cells, activation was a Maternal and infant characteristics that did not differ between feeding practices also included maternal World Health Organization stage, frequency of maternal CD4 + T-cell counts >500/μL or <500 cells/μL, receipt of maternal antiretrovirals for treatment, and proportion of women and infants receiving cotrimoxazole prophylaxis. Corresponding to the differences in infant weight z score, infant weight (7.5 vs 6.9 kg; P = .009), and body mass index (18.7 vs 17.2; P = .007) were higher in the exclusive-breastfeeding than in the nonexclusive-breastfeeding group at 24 weeks but did not differ at birth or week 48. Maternal characteristics were determined at enrollment during pregnancy, unless otherwise specified. Infant were characteristics determined at birth or at the specified age.
b Feeding groups were determined by breastfeeding practice, as defined in Materials and Methods.
c Differences between exclusive-and nonexclusive-breastfeeding groups were determined with t tests unless otherwise noted. targeted almost exclusively within the CCR5-expressing cells ( Figure 3A) .
Kinetics of the Development of Gut-Homing Marker α4β7-Integrin
Expression T cells with high-level expression of β7, a component of the heterodimer α4β7, a cellular adhesion integrin that directs circulating lymphocytes to the gut [20] ,were rare at birth in both naive and memory CD4 + and CD8 + T cells ( Figure 2C and 2E) . The frequencies of β7 hi CD4 + and CD8 + T cells increased progressively during the first year of life in CM and EM cells but were rare in naive or EMTD subsets. The β7 hi cells had a greater proportion of activated cells compared with the β7 int cells throughout the first year of life (data shown for week 6 in Figure 3B and 3C). , and β7 hi (CD4 + in C and CD8 + in E) during the first year of life within the naive, central memory (CM), effector memory (EM), and EM terminally differentiated (EMTD) subsets. Error bars represent standard errors. *P < .05 for week 0 vs all later weeks and for week 2 vs week 6; horizontal line represents P < .05 for week 6 vs week 24 and week 24 vs week 48 (Wilcoxon rank sum test).
Comparison of T-Cell Subsets by Feeding Practice
To determine the impact of feeding practices on T-cell development and activation, we compared the absolute count and frequency of T-cell subsets between exclusive-and nonexclusive-breastfeeding groups at week 24, when the feeding practices had diverged (Table 2 and Supplemental Table 1 ). Nonexclusively breastfeeding infants had higher frequency and absolute counts for β7 hi CM CD4 + and CD8 + T cells than exclusively breastfeeding infants. Moreover, CM CD4 + T cells coexpressing both β7 hi and CCR5, a phenotypic signature associated with increased susceptibility for HIV-1 infection [27, 28] , were enriched in the nonexclusively breastfed group (P = .004). The difference in β7 hi CM CD4 + and CD8 + T-cell subsets, including the CCR5 + subset, remained statistically significant (P < .04) when adjusted for maternal CD4 + T-cell count, infant weight z score at week 24, and the average number of GI illnesses between birth and week 24. For CD4 + T cells, the difference by feeding practice in the frequency and count of memory cells was restricted to the gut-homing subset, whereas for CD8 + T cells, both gut-homing and total memory subsets were higher in the nonexclusive breastfeeders.
The number and frequency of gut-homing memory cells converged for nonexclusive and exclusive breastfeeders by week 48 when all infants were receiving supplemental food (Figure 4 ). In addition to the more rapid appearance of gut-homing memory cells, the nonexclusively breastfeeding infants had higher activation among the β7 hi CM CD4 + T cells (P = .003), a difference that remained statistically significant in the multivariate analysis (P = .003). In the CD8 + T cells, the nonexclusively breastfeeding infants had increased activation in multiple total CD8 + memory T-cell subsets as well as the β7 hi subsets (Table 3) .
DISCUSSION
We investigated a potential immunologic basis underlying the increased risk of HIV-1 transmission to infants who receive breast milk mixed with other foods, compared with those who receive only breast milk. Previous work has evaluated subclinical mastitis and breast milk HIV-1 RNA as predisposing factors for this increased incidence [12, 29, 30] . However, ours is the first study to prospectively characterize the maturation, activation, and homing signature of CD4 + T cells, a principle target HIV-1 infection, by feeding practices in a high-risk population. Infants receiving non-human milk food showed higher CD4 + T cells of the CM phenotype expressing the gut-homing marker α4β7 and CCR5, 2 phenotypic markers associated with increased HIV-1 susceptibility. In addition, CD8 + T cells with a memory phenotype were more prevalent, as were activated cells. The vast majority of infant founder viruses are CCR5 tropic [16] [17] [18] , and α4β7 integrin increases CD4 + T-cell susceptibility to HIV-1 infection [19, 27, 28, 31] . Thus, the increase in CCR5-expressing memory CD4 + T cells homing to the gut in the nonexclusively breastfeeding infants may provide enhanced targets for HIV-1 infection in the mucosa. A higher frequency of memory CD4 + and CD8 + T cells in cord blood is associated with an increased risk of early HIV-1 transmission (at age ≤1 mo) [32] , indicating that differences in circulating T-cell phenotype can indicate differential risk of perinatal HIV-1 acquisition. The level of CCR5 expression is implicated in perinatal SIV transmission [23] , as well as several modes of HIV-1 transmission [23] . Administering α4β7 monoclonal antibody provides significant protection against intravaginal SIV challenge of rhesus macaques, indicating a role for α4β7 in facilitating infection [21] . In our study, receiving non-human milk food was associated with an increase in CD4 + T cells with a phenotype that facilitates primary infection, which may contribute to higher rates of HIV-1 acquisition.
Our data suggest that early exposure to non-breast milk food leads to earlier and preferential T-cell maturation and activation in cells homing to the intestinal compartment. The potential mechanisms by which breastfeeding practice may modify T-cell phenotype are many but uncertain. GI illnesses could potentially alter mucosal T-cell populations, and, as in other cohorts, the nonexclusively breastfeeding infants did have a higher frequency of GI illnesses [33, 34] , but the differences in T-cell subsets remained significant when adjusted for GI illness. Differences in the intestinal microbiome in HIV-1-infected adults are associated with immune activation [22] , and breastfeeding practices clearly modify the intestinal microbiome [35, 36] , including among HIV-1-exposed infants [37] . Such differences may affect mucosal inflammation, epithelial cell integrity, gut permeability, and the nutrients available to infants [38, 39] . Indeed, we have identified differences in both the microbial diversity of these exclusively and nonexclusively breastfeeding infants (E. N. Janoff, unpublished data), results that, like those d There were too few infants (n = 5) with sufficient cells in this low-frequency subset to assess differences. d There were too few infants (n = 5) with sufficient cells in this low-frequency subset to assess differences.
in T-cell phenotype, are time dependent, diverge at 18-24 weeks when the feeding practice differed most between groups, but are not differentiated at 48 weeks, when virtually all infants are no longer breastfeeding. T-cell dynamics began very soon after birth in both feeding groups, when some memory T cells were already present in the circulation [40] . Intestinal T cells bearing CCR5 are present in newborn gut mucosa from the earliest days [25] . The increase in memory T cells was rapid during the first 2-6 weeks after birth but then remained relatively stable during the first year. T-cell activation also increased rapidly during this period. Our data delineate the kinetics of the elevated CCR5 expression previously found on memory CD4 + T cells in HIV-1-exposed infants [41] . The early increases and subsequent declines in activation and CCR5 expression suggest environmental pressure early in life. In a similar HIV-1-unexposed breastfed cohort of infants in the United States, rates of activation were lower (<10% of CD4 + and CD8 + memory T cells; authors' unpublished data) than in the Ugandan infants. The African children did receive BCG vaccine at birth, which may alter immune ontogeny [42] . Cytomegalovirus infection might be another cause of T-cell activation during early infancy, in that 20% of HIV-1-exposed uninfected infants acquire cytomegalovirus infection by 1 month of age [43, 44] . Early T-cell maturation and altered responses to vaccination are observed in HIV-1-exposed but uninfected infants compared with unexposed infants [45] [46] [47] [48] . We did not include HIV-1-unexposed infants, so we are unable to compare them directly, but our study provides a more detailed picture of T-cell maturation in HIV-1-exposed infants than prior studies.
In particular, our results provide a unique and more detailed ontogeny of gut-homing T cells in the newborn than has been previously available. Almost all newborn naive cells expressed intermediate levels of β7, as described elsewhere [20] . Unlike CCR5 findings, the increase in the proportion of cells with high-level β7 was more gradual and constant though the first year of life, perhaps indicating ongoing, progressive maturation of T cells in the gut mucosa. Expression of β7 hi was restricted to CM and EM T cells but negligible on EMTD cells. Because the EMTD subset is farther on the differentiation pathway, one might expect a similar fraction to have matured in the gut. Perhaps on homing to the gut, these cells are retained and are less likely to circulate.
The comparisons in this study have limitations. First, the groups were not randomized, because this would have been unethical with the knowledge that exclusive breastfeeding is protective against HIV-1 transmission to the infant. Therefore, it is possible that feeding practice may be a marker of other factors not directly assessed in this study. Nevertheless, the differences in CD4 + memory subsets remained significant after adjustment for differences in maternal CD4 + T cell counts, infant weight, and rates of GI illnesses. Despite our initial study projections, the majority of women practiced exclusive breastfeeding for 6 months-a testimony to the counseling provided but resulting in unbalanced numbers in the groups and a relatively small group receiving non-human milk feeding before 24 weeks. Owing to the delayed introduction of supplementary food, feeding patterns did not diverge until 18-24 weeks of age. Despite this imbalance, time-dependent and significant differences emerged. Few women chose mixed feeding for a prolonged time, and most weaned soon after introducing other foods. Therefore, we are unable to know whether the alterations we observed are specific to exposure to other food versus the absence of breast milk. Finally, for ethical and practical reasons, we sampled the peripheral blood rather than primary intestinal tissues over time. However, the frequency of circulating β7 hi CD4 + cells correlates with CD4 + cells in the gut [49] .
In summary, in the context of clinical and epidemiologic evidence that exclusive breastfeeding is associated with a lower rate of postnatal transmission of HIV-1, we found significant differences in maturation and activation among the gut-homing T cells in infants exposed to exclusive versus nonexclusive breastfeeding. The prominence of a gut-homing phenotype in CD4 + T memory cells coexpressing CCR5, identified in the nonexclusive-breastfeeding group, may enhance susceptibility of the mixed fed infant to HIV-1 infection. Because the effects of breastfeeding practice probably derived from conditions in the gut, ongoing studies are directed to determine whether local inflammation or permeability, microbiome diversity and constituents, and nutritional factors in the infants contribute to the described differences in T cells. The current study of putative gut-homing cells in the circulation is an indirect but accessible approach to linking events in the intestine with the T cells in blood. A case-control study embedded in a larger program of an intervention to prevent breast milk transmission could be used to determine whether increased numbers of these susceptible HIV-1 target cells (activated memory phenotype α4β7 hi and coexpressing CCR5) are a risk factor for transmission. Even in the absence of further knowledge, our data provide additional support for the recommendation for exclusive breastfeeding for the first 6 months.
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